Features of phase-structure formation and abrasive wear resistance of composite coatings "WC-M2 steel" worn against tungsten monocarbide have been investigated. It was established that adding 20 wt.% WC to the deposited powder mixture leads to the increase in M 6 C carbide content. These carbides show a multimodal size distribution consisting of ∼5.9 μm eutectic carbides along the grain boundaries, ∼0.25 μm carbides dispersed inside the grains. Also a greater amount of metastable austenite (∼88 vol.%) is found. The high abrasive wear resistance of these coatings is provided by γ → α -martensitic transformation and multimodal size distribution of reinforcing particles.
Introduction
A tendency is to develop and build new equipment at lower costs using sparingly alloyed low carbon steels, which, however, demand surface hardening either by nitridation or carbonization. A primary task in this situation is to improve both endurance and reliability of working components of machines and technology equipment. In this connection, a solution is related not only to improving the wear resistance only but also to a totality of problems including but not limited to corrosion resistance, contact endurance, small plastic strain, and heat resistances.
Effective approach to improving the wear resistance of materials is cladding and modification metals by concentrated energy fluxes. These methods are used in practice and based on fast quenching of a melted pool at cooling rates 10 4 to 10 9 K/s. Electron beam surfacing in vacuum is a good candidate to obtain a hard coating on the surface of low carbon substrate. Such a processing provides some advantages [1] which include the ability to feed composite surfacing powders directly to the melted pool, vacuum refinement of the melted metal, gradual and accurate adjustment of the electron beam power to provide both minimal fusion penetration to the substrate, constant chemical composition, and small pool's size at electron beam power density up to 10 5 W/cm 2 . All these parameters may be optimized to achieve the pool's overheating required to obtain over saturated solution of the alloying elements and fine-grain structures in cooling. Taking it into account we believe that electron beam surfacing in vacuum may be applied for depositing a composite coating after final heat treatment and main mechanical grinding.
In modern practice, both hard and superhard composite coatings made of stellite, sormite, or cast tungsten carbide are used to improve wear resistance of working surfaces of machine components. A disadvantage of these materials is that they contain 30 to 90% wt. of costly tungsten carbide. Also coatings made by depositing these materials are brittle because of high hard phase content, nonuniform distribution of these particles throughout the bulk of the coating, especially for their content in the range 30 to 50% wt., and network cracking on the coating's surface. All of it prevents using them in a row of applications when a totality of these properties is demanded.
In particular, there is a problem of quick failure of pinion shafts of heavy loaded reduction gearboxes due to intense wear of nitrided journals in needle bearings. A design specificity of the reduction gearboxes is that their pinion shafts are positioned in close proximity to each other and traditional design of bearings consisting of external and internal rings with rollers between them is not usable. Therefore, one has to make a journal bearing directly on the pinion-shaft surface.
Advances in Tribology
These journal surfaces must possess high wear resistance, contact endurance, low plastic strains, fracture toughness, which dictates the necessity for application of homogeneous multifunctional coatings.
The specific features of coatings obtained by multipass electron beam cladding with M2 steel powder are described elsewhere [2] . It is established that a multimodal size distribution of reinforcing particles is generated in a carbide subsystem of the coating. The volume contents of both secondary carbide M 6 C and retained austenite can be regulated within the ranges 4.5 to 7.5% wt. and i 5 to 30% wt., respectively, as depending on the thermal cycling conditions created during the surfacing. Wear resistance of the coatings improves with the volume content of the retained austenite because of γ → α strain-induced martensitic transformation and fine carbides precipitated in the matrix's grains. We can say safely that the higher is the content of the retained metastable austenite in a coating, the higher is the wear resistance. A route to go is admixing the tungsten monocarbide to the HSS powder. Since WC is of high solubility in a steel matrix, it may provide 80 to 90% vol. content of austenite as well as higher volume content of precipitated fine carbides.
Contribution of strain-induced phase transformation in abrasive wear resistance of trip steels with metastable austenite has been assessed [3] on a basis of both developed model and experimental data. Within the framework of this model the energy balance equations were derived and then served to determine the fracture work values for samples with either stable or metastable austenite. It was found out that the fracture work value for samples with metastable austenite matrix is by a factor of 7 higher as compared to that of without ability to experience strain-induced phase transformation under the same wear test conditions. The objective of this work is to study effect of tungsten carbide content in the source mixture on the structure, phase contents, and abrasive wear resistance of HSS M2/WC composite coatings.
Materials, Equipment, and Experimental Methods
Source materials for electron beam surfacing were HSS M2 powder mixtures added with 5 to 350 μm WC powder of contents 10, 15, 20, 25, 30, 40, and 50% wt. Chemical composition of M2 steel was as follows: C-1%, Cr-4%, W-6.5%, Mo-5%, V-1.5%, Si < 0.5%, Mn < 0.55%, Ni < 0.4%, S < 0.03%, O 2 < 0.03%, Fe-balance. Composite mixtures were prepared by mixing the above components, compacting and sintering the mixtures in vacuum at partial pressure not higher 10 −2 Pa, followed by milling and sieving the cakes by fractions. Surfacing was carried out on flat 20 × 30 × 200 mm samples of 0.3% C steel by applying four passes per each plate. The scanning-line length was 20 mm. The thickness of clad metal layer per pass was 1 mm. Some samples were subjected to either single or double tempering carried out at 570±
• C for 1 hour. A machine for electron beam cladding in vacuum was operated in automatic mode so that samples were loaded into its chamber and secured there in manipulators. These manipulators are driven in rotation and displacement modes by external electrodrive system. The chamber was evacuated to reach the residual pressure 10 −1 Pa. Electron beam generated by the electron gun was scanned over the surface of the sample thus creating a melted pool (Figure 1 ). Simultaneously, the powder mixture was fed to the pool by means of a measure feeder.
Accelerating voltage, diameter, electron beam sweep length, and sample feed velocity were 28 kV, 1 mm, and 20 mm, 2 mm/s, respectively, and did not change during the experiment.
The microstructure of the deposited coatings in the longitudinal and transverse microsections was examined using optical microscope (OM) Olympus GX 51 equipped with 700 SIAMS analysis device, SEM instrument Philips SEM 515 equipped with microanalysis device EDAX ECON IV, and TEM Tecnai G2 FEI instrument equipped with a microanalysis device.
Traditional method of preparing the microsections such as mechanical grinding and polishing with diamond pastes of different grades was used in this work. Chemical etching was performed in 4% solution of HNO 3 in alcohol. Determining the quantitative characteristics of the microstructure including number, size, shape, and distribution of various phases was performed using the SIAMS software package. TEM foils of thickness 150 μm were cut from coatings using an electrospark machine. After mechanical and electrolytic finishing, Advances in Tribology 3 to achieve the foils' thicknesses 70 to 90 μm, the final ion thinning was carried out to achieve 200 nm thickness.
Phase composition of the samples both after surfacing and abrasion wear tests was investigated by XRD using Shimadzu XRD 6000 diffractometer operated in the 2Θ range 30 to 120 degrees at 0.02
• step and with filtered CoKα-radiation. Integrated intensities of the diffraction peaks were used for the quantitative phase analysis. The volume content of a phase in a multicomponent system was determined according to an expression as follows:
where α, β, γ, and ε stand for phases, Φ is the angle factor, P is the multiplicity factor, and F and Q are the phase's structural factor and cell volume, respectively.
Microhardess and Wear.
Microhardness numbers (H μ ) of both the coating and the substrate were measured using PMT-3 microhardness tester operating at 100 μm step between the indents and load of 0.981 N. The measurements were carried out on two parallel indentation paths shifted by 50 μm in depth with respect to each other. The distance between the paths was 200 μm. Such a procedure allowed obtaining the microhardness in-depth profiles of 50 μm step in the coating.
To determine the wear rate (mg/hour) we used method of loose abrasive particles ( Figure 2 ) and measured the mass losses hourly. The mean wear rate was then calculated from five experimental results. Faceted quartz sand particles with sharp corners and edges and round electrocorundum particles of mean size d m = 100 to 300 μm were used as abrasive material for wear testing at 60 RPM. Normal load was 44.1 ± 0.25 N. The analysis of microstructure and microhardness of the specimens after wear tests was performed on taper sections made at 2
• angle between the top surface and the section plane.
The analysis of microstructure and microhardness of the specimens after wear tests was performed on taper sections made at 2
Results and Discussion
HSS M2 + WC mixtures of WC contents 10, 15, 20, 25, 30, 40, and 50% wt. were prepared by ball milling for 24 hours. Sintering the mixtures was carried out in a vacuum oven at 1200
• C for 1 hour. If using the lower temperatures, the particles do not sinter one to each other and no quality composite cakes are obtained. At temperatures above 1200
• C the cakes are very hard to mill and the powder yield is too low. The resulting cakes were milled and sieved to particle size fractions. The yield of usable milled composite 30 to 350 μm fraction was 85 to 90%. The smaller particle fractions were discarded.
The microstructure of a composite cake intended for surfacing is shown in Figure 3 . As seen, the isolated particles of M2 steel are surrounded either by islet shape phase (a) only or angular 1 to 2 μm particles in combination with the islets (b) as depending on the WC content in the mixture. Increasing the source WC content from 10 to 40% wt. results in increasing the amount of angular particles from 0 to 20-25% vol. in the cake.
According to XRD (Figure 4) , two carbides such as WC and M 6 C were found in the cakes in addition to the matrix's phases α and γ. It means that the source powder particles interact with each other in the course of sintering to produce a composite. That such is true is supported by the results reported elsewhere [4] . The authors [4] show that M 6 C carbide's formation starts after heating the composite WC-(NiAl) and WC-NiTi mixtures to 700
• C. Taking into account the morphology, we can state that α-phase found in cakes is in the form of martensite needles.
Examining the microstructures as well as the XRD data obtained from the surfaced samples (Figure 4) , we can see that coatings are composed of α-martensite, retained austenite (γ-phase), 0.9 vol.% of d 1 = 0.65 μm VC carbides, and M 6 C carbide ( Figure 5 ). This M 6 C carbide is of two morphological types. The first type I is presented by dendritelike eutectic 3.8 μm carbides (Figures 5(a) and 5(b) ) found at the grain boundaries of solid solution. Second type II carbides look like fine elongated particles inside the grains ( Figure 5(d) ). Table 1 shows the data on chemical composition of structures detected in the points shown in Figures 5(c) and 5(d) . The data in Table 1 allow conclusion on essential reduction in the vanadium content of secondary M 6 C carbides as compared to that of the eutectic carbides.
On admixing more tungsten carbide to the source mixture, the amount of M 6 C carbides grows (Figure 6(a) ) and starting from WC 30% wt. and higher some amount of the source WC retained in addition to the above shown. Coarse faceted particles of M 6 C carbide were found in coatings obtained from the source powder mixtures of WC content 40% wt. (Figure 6(c) ). These particles grow even larger when the WC content grows up to 50% wt. (Figure 6(d) ). Furthermore, it exists in two morphological types such as globular and elongated (platelets) particles. These coarse mixed carbide particles form a developed framework. The retained WC particles are surrounded by M 6 C precipitations and built in the framework. Binder phase was found in the form of isolated particles. It is inconceivable to suggest that such a framework structure of the reinforcing phase will hardly serve to improve the wear resistance. The coarse carbides will plausibly have positive effect on abrasive wear resistance. The wear resistance of a framework built of fine M 6 C carbides will be determined by the phase composition of the matrix.
The dependence of the austenite's amount on the tungsten carbide's content in the source powder is a curve with a maximum in the range 20 to 25% wt. of WC (Figure 7(a) ).
Both single and double tempering the deposited coating result in partial γ → α martensitic transformation. It is established that electron beam surfacing with deposition of both pure M2 steel powder and M2 + WC 40 to 50% wt. mixtures gives only 3 to 4% vol. of retained austenite. However, if we used M2 + WC 20 to 30% wt. mixtures, the composite coatings contained 30 to 40% vol. of retained austenite even after conducting the double tempering.
It is notable that the coatings made using M2 + WC 0 to 30% wt. showed no network cracking on their surfaces.
The ascending part of the curve in Figure 7 (a) shows the amount of the retained austenite increasing up to 82% vol. with adding 20 to 25% WC wt. to the source powder mixture. Such an effect is provided by better solubility of WC and, therefore, the greater effect of alloying the γ-solid solution both by carbon and carbide-forming elements.
According to the EDAX data, the solubility of tungsten in the coating's matrix grows from 3.5 to 11% wt. with the WC content in the source mixture. This involves reducing the onset temperature of martensitic transformation and increasing the amount of metastable retained austenite after cooling (quenching). It follows from [5, 6] that, increasing the temperature of quenching for HSS M2, we simultaneously increase the content of both carbon and alloying elements, which reduce the martensitic transformation point. In our situation, we actually deal with quenching from a liquid micropool that serves to additionally reduce the martensitic transformation temperature interval. The higher content of retained austenite provides for minimal hardness of M2 + 20% wt. WC composite coatings being at the level of 6 GPa (Figure 7 (b), curve 1). As seen from the descending part of curve in Figure 7 (a), the amount of retained austenite is reduced when the WC content in the source mixture grows from 30 to 50% wt. The rationale behind that is incomplete dissolution of both M 6 C and WC particles, which then serve either as crystallization nuclei or substrates for epitaxial growth of mixed carbide from austenite. Simultaneously, the same effect reduces the overheating of the melted pool as well as, consequently, the solubility of carbides in it. Moreover, the reduced content of a binder phase in the coating facilitates relaxation of stress generated by the difference in phase volumes of α and γ phases. Also this serves for more full γ → α transformation. The discussed here abnormal behavior of austenite in coatings must have effect on their wear resistance.
Abrasive Wear.
The wear rate by quartz particles is reduced quickly for hard coatings containing up to 20% wt. WC whereas some growth is observed for 25 to 30% wt. WC coatings. However, the wear rate continues falling for higher WC content (Figure 8(a) ). The local wear rate maximum (Figure 8(a) ) may find its explanation in structural changes occurring in the coating when depositing 20% wt. WC powder mixtures. In this case, a carbide framework structure starts forming involving source WC particles. Also the use of faceted shape of abrasive quartz particles may add to this effect. When using electrocorundum, the wear rate is reduced with the WC content growth. This is especially the case for coatings deposited from 20% wt. WC powder mixtures (Figure 8(b) ). Another aspect is that using more hard abrasive particles provides higher wear rate by a factor of ∼20 as compared to quartz sand. Taking into account the microstructures in Figures 5  and 6 , volume content of austenite in Figure 7 (a), hardness ( Figure 7(b) ), and wear rate dependencies in Figure 8 as functions of WC content in the source powder mixture, we can say that the wear resistance is improved due to higher amount of austenite in samples surfaced to obtain the multimodal (d 1 , d 2 , and d 3 ) size distribution of hardening carbide phases. Such a distribution serves to provide thinner intercarbide binder layers and, thus, to reduce their selective wear and prevent carbides from spalling.
Also since the metastable austenite is capable of partial strain-induced martensitic γ → α transformation, this provides for extra stress relieve effect during wear. In accordance to XRD data, the amount of α -phase in M2 + 20% WC coating has grown by 40% vol. after abrasive wear test. This martensitic transformation in combination with substructural work hardening results in growth of hardness from 6 to 10 GPa in the subsurface of coatings at 40 μm depth below the worn surface (Figure 7(b) ).
Another structural factor important for improving the wear resistance of composite coating with metastable austenite matrix is its higher ability to hold brittle carbide phases as compared to martensite and, thus, prevent them against spalling both in microcutting and fatigue wear. This is true both for primary dendrite carbides found at the grain boundaries and secondary equiaxed intragrain fine carbides [4] . Neither single nor double tempering the coatings is able to change the dependence of wear rate on the tungsten carbide . Such a behavior may be related to the fact that tempering partially transforms austenite to martensite and, therefore, reduces the effect of austenite for relieving stresses in γ → α transformation. From this standpoint, tempering is not a heat treatment desired after surfacing. The wear rate of M2 + 40% wt. WC coating is greatly influenced by the heat treatment. The microstructure of this coating reveals a carbide framework composed of M 6 C and WC carbides (Figure 6(c) ). The binder of a just sur-faced coating contains about 50% vol. of austenite (Figure 7(a) ), which has positive effect both on stress relieving and preventing spalling of the carbide particles.
Since tempering results in partial γ → α transformation, it serves to impair both resistance to spalling and carbide retention ability. Finally, the wear rate of M2 + 40% wt. WC coatings is increased by 40% for wear by electrocorundum particles.
The carbide framework formation is observed in M2 + 50% WC wt. coating (Figure 6(d) ). However, these M 6 C carbide particles are coarser as compared to those found in M2 + 40% wt. WC coating (Figure 6(c) ). Binder phase is found in the form of isolated particulates and, therefore, has no great effect on wear resistance of this coating. When comparing the wear resistances of deposited and heat-treated coatings, we note the wear rate increased by ∼20% in the latter case. We suggest that spalling of coarse carbides particles is not easy and the carbide framework is stable with respect to pure abrasive wear. However, the impact loading from abrasive particles will increase the wear rate of both carbide framework and more brittle matrix. Also the carbide crack network is formed in the deposited M2 + 50% wt. WC coatings that will add to the process.
It follows from here that high wear resistance of the previously shown composite coatings is due to high content of the retained austenite. Such a conclusion is supported by numerous data found in the literature sources [2, 4, 7, 8] . Another factor contributing to wear resistance is the multimodal size distribution of carbide particles. Apart from the retained austenite, there are another important factors that determine the wear resistance of HSS such as origin, quantity, character of distribution, and size of carbides [8] [9] [10] . It is known [11] that higher wear resistance of cast HSS as compared to wrought HSS is explained by the presence of hard eutectic carbide framework formed along γ-solid solution boundaries. The carbide framework was found to be more efficient for better wear resistance as compared to isolated coarse carbide particles under conditions of both abrasive and oxidative wear.
To prevent wear of relatively soft matrix grains, one of the possible solutions is to provide their reinforcement by fine carbides. The literature search devoted to WC-Co hard metal [12] [13] [14] shows that when successively reducing the carbide phase size from micro-to submicro-and then to nanosize for Co contents kept constant, we reduce the intercarbide binder layer and simultaneously increase the hardness. The wear resistance grows both in abrasive and sliding wear tests due to achieving smaller carbide grains and thinner intercarbide binder layers which serve to limit the selective binder wear and further spalling of carbide particles [12, 13] .
In such a manner, M2 + 20% WC coating is most preferable for surfacing pinion-shaft journals since it shows good levels of wear resistance, hardness, no surface cracking, structural homogeneity of coating, and high amount of retained austenite which is one of the main factors to reduce the cyclic external stresses.
Conclusions
(1) It is established that WC particles interact with HSS M2 particles in the powder mixture during sintering the powder cakes and thus form M 6 C carbide. The WC content in a source powder mixture increased from 10 to 40% wt. corresponding to WC content 20 to 25% vol. in the cake.
(2) As shown, admixing 20 to 25% wt. WC into the surfacing mixture results in higher content of M 6 C carbide found in the forms of eutectic 5.9 μm and fine 0.25 μm carbides inside the grains (multimodal size distribution) in addition to VC 0.65 μm carbides and higher amount of austenite-88% vol.
(3) Increasing the WC content in the source powder mixture serves to reduce the abrasive wear rate irrespective of the abrasive particle type used in test (Figure 8 ). The most intensive wear resistance growth is observed for WC content 20% wt. coatings. This is related both to mechanical stress relief by straininduced γ → α martensitic transformation during the wear test and effect of multimodal size distribution of carbides.
